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ABSTRACT 
 
 This thesis reports changes in apparent contact angles for droplets of various liquids on 
microstructured surfaces in saturated environments.  Micro scale pillar surfaces maintain the 
non-wetting Cassie-Baxter regime for drops of water over a range of saturation temperatures 
while micro scale waffles transition into a partially wetted state under the same conditions. 
Micro scale mushroom and waffle surfaces are able to maintain oleophobic behavior for droplets 
in a saturated environment with a concentration of up to 50% R-134a. The surfaces described in 
this thesis could be used to significantly improve devices that rely upon a liquid-vapor interface, 
including two-phase heat exchangers, water purification systems, and microfluidic devices. 
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CHAPTER 1: INTRODUCTION 
 
 Microstructured surfaces can have significantly enhanced droplet repellency compared to 
flat surfaces[1-6], which can lead to improved two-phase heat exchangers, water purification 
systems, and microfluidic devices. [7-14] Nearly all published research on microstructured 
omniphobic surfaces reports data for liquid droplets in an air environment.[15-21]  However, in 
many applications of omniphobic surfaces, the surrounding gas is not air, but instead is saturated 
vapor.  There is a lack of published data on how liquid droplets behave on omniphobic surfaces 
in environments other than air.  Here, we report droplet behavior on microstructured surfaces in 
air, water vapor, and saturated refrigerant environments.  We find that the gas environment and 
saturation temperature have significant effect on the water repellency of the microstructured 
surface.   
 Figure 1 shows a water droplet in contact with either a flat surface or a microstructured 
surface.  The water droplet contact angle is θ on a flat surface and the apparent contact angle is 
θ* on a microstructured surface. Both θ and θ* are a function of the interfacial energies between 
the solid, liquid, and gaseous phases. The relationship between θ and the interfacial energies is 
defined by Young’s equation, Cos(θ) = (γSG - γSL) / γLG. Where γSG is the interfacial energy 
between the solid surface and the gas phase, γSL is the interfacial energy between the solid surface 
and the liquid phase, and γLG is the interfacial energy between the liquid phase and the gas phase. 
When the droplet is suspended on top of the microstructures, the droplet is in the Cassie-Baxter 
state and Cos(θ*) = f Cos(θ(T)) – (1-f), where f is Cassie-Baxter roughness factor, defined as the 
fraction of the solid-liquid interface at the drop-surface contact base. When the droplet fully wets 
the microstructured surface, it is in the Wenzel state and Cos(θ*) = rCos(θ(T)),  where r is the 
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Wenzel roughness factor, defined as the ratio between the actual area of the rough surface and 
the geometric projected area.  
  
Figure 1 A droplet on a solid surface surrounded by vapor forms a contact angle θ. If the surface is 
textured and the droplet rests on top of the asperities it takes the Cassie-Baxter state, while a droplet that 
fully wets the asperities is said to be in the Wenzel state. 
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 When saturated vapor condenses on a surface it typically forms a thin film of liquid. This 
behavior is referred to as flimwise condensation. [22] When the surface is omniphobic the 
condensation can take the form of small droplets. This state is referred to as dropwise 
condensation and leads to up to an order of magnitude improvement in heat transfer compared to 
filmwise condensation. [7-14] Because condensation occurs in saturated environments it is 
important to characterize omniphobic surfaces intended for uses in liquid-vapor interfaces under 
equivalent saturation conditions. This characterization ensures that the intended benefits from the 
omniphobic surface will be maintained for the full range of desired operating conditions.  
 This thesis reports the design, fabrication, and characterization of a variety of omniphobic 
surfaces for various liquids over a range of saturation conditions. The apparent contact angles of 
droplets of various liquids are impacted both by the transition from standard temperature and 
pressure (STP) air to saturated vapor and by altering the saturation temperature of the vapor 
environment.  
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CHAPTER 2: EXPERIMENTAL METHODS  
 
 
 Figures 2 and 3 show the experimental setup used to record droplet contact angles in a 
saturated environment. The pressure vessel is made from stainless steel and can operate over a 
pressure range of 0 – 5 MPa. and includes three sight glasses for observation. A copper coil 
maintains steady temperatures in the saturated vapor environment. The coil is attached to a 
Fisher Scientific ISOTEMP 6200 R28 thermostatic circulator that can control the temperature 
inside the pressure vessel from 0 to 120 °C.  One T type thermocouple, Omega TNQSS-125U-6, 
is used to monitor the ambient temperature to within ±0.5 °C. A pressure transducer, Omega 
PX319-100AI, measures the saturation pressure to within ±0.25% of the measured value. A 
second T type thermocouple, Omega TNQSS-125U-6, in contact with the stand measures the 
surface temperature.  A data acquisition system (DAQ), National Instruments NI 9219, collects 
the pressure and temperature measurements for analysis. A dispenser deposits droplets on the 
surface of interest once the chamber reaches the desired thermal equilibrium. The dispenser inlet 
is connected to a liquid source with an independent pressure control. The pressure of the 
dispenser is increased to 13 – 20 kPa above the internal vessel ambient pressure. Two valves in 
series are then opened one at a time to fill the dispenser line with high pressure fluid. The droplet 
is dispensed by slowly opening the second valve until a droplet is deposited on the surface. 
Droplet diameter for this setup is ~ 2 mm.   Finally, a camera, AVT Manta, captures images of 
the droplet on the surface using a custom designed Labview Virtual Instrument running in 
parallel with temperature and pressure collection.  
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Figure 2 Illustration of the internal workings of the experimental setup. The pressure vessel contains a 
stand for the solid surface and a droplet delivery system. 
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Figure 3 External view of the experimental setup. Accurate measurements are ensured by mounting the 
light source, camera, and pressure vessel on a vibration isolation table. 
   
 In this study we examine droplets of both water and various refrigerant mixtures. A 
saturated water environment is created by filling the bottom of the pressure vessel with liquid 
water and then evacuating the air inside the vessel using a vacuum pump, FJC Rotary Model 
VP3.0. The temperature coil then heats or cools the chamber as needed to create the desired 
saturation conditions.  The dispenser then deposits a droplet of water on the surface of interest. A 
saturated refrigerant environment is created by first evacuating the pressure vessel using the 
vacuum pump. The temperature coil then heats or cools the pressure vessel to the desired 
temperature. Once the chamber is in thermal equilibrium it is filled with the refrigerant mixture 
of interest until saturation conditions are reached.  Saturation temperatures for this study ranged 
from 0°C for R-134a measurements to 100 °C for water measurements. Pressures ranged from 1 
kPa when evacuating the vessel to 441 kPa when measuring 80% R-134a mixtures.  
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CHAPTER 3: SATURATED WATER SESSILE DROPLETS  
 
 Figure 4 shows scanning electron microscope (SEM) images of micro-textured silicon 
substrates fabricated for this study. The substrates consist of either micro-pillars or micro-
waffles. Both of these geometries have been previous shown to enhance the hydrophobic 
properties of a surface. [23-28] The structures were fabricated using photolithography followed 
by an anisotropic plasma etch. The pillar geometry consists of an array of square columns with a 
diameter of 10µm spaced on a 20 µm pitch. Pillar heights range from 3.5 to 20 µm for this study. 
The waffle patterns consist of square voids with a 2µm gap between one another. Three waffle 
samples were prepared with void diameters of 10 to 20 µm and depths of 3.5 to 10 µm. A flat 
silicon sample was also prepared for comparison. The samples were coated with a thin film of 
polytetrafluoroethylene (PTFE) using a plasma vapor deposition process to promote 
hydrophobicity prior to testing. The substrates fabricated for this study are listed in Tables 1 and 
2. Table 3 shows the projected Cassie-Baxter (Cos(θ*) = f Cos(θ)) – (1-f)) and Wenzel (and 
Cos(θ*) = rCos(θ)) contact angles for the substrates as well as the apparent contact angle of 
water droplets on each surface at STP.   
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Figure 4 SEM images of micro-textured pillar and waffle surfaces.  
Table 1 - Waffle Geometries 
Sample  H (µm) P (µm) W (µm) r f 
Waffle #1 10 22 20 4.06 0.31 
Waffle #2 10 12 10 2.74 0.17 
Waffle #3 3.5 22 20 1.61 0.17 
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Table 2 - Pillar Geometries  
Sample H (µm) P (µm) D (µm) r f 
Pillar #1 20 20 10 4.09 0.39 
Pillar #2 10 20 10 2.55 0.39 
Pillar #3 3 20 10 1.54 0.39 
 
 
Table 3 – Calculated vs. Actual Contact Angles   
Geometry θ*Cassie(°) θ*Wenzel (°) θ*  (°) ±	  0.1	  (°) 
Flat PTFE N/A N/A 100.1 
Waffle #1  
(D = 10 µm P = 12 µm H = 10 µm) 134.8 138.4 145.7 
Waffle #2 
 (D = 20 µm P = 22 µm H = 10 µm) 148.9 118.4 150.3 
Waffle #3 
 (D = 20 µm P = 22 µm H = 3.5 µm) 148.9 106.2 152.7 
Pillar #1 
 (D = 10 µm P = 20 µm H = 20 µm) 142.5 121.4 149.6 
Pillar #2 
 (D = 10 µm P = 20 µm H = 10 µm) 142.5 110.3 150.7 
Pillar #3 
(D = 10 µm P = 20 µm H = 3.5 µm) 142.5 103.6 156.2 
 
A modified version of Young’s equation (Equation 1, below) was used to predict the change in 
the flat surface contact angle of water droplets over a range of saturation temperatures on a flat 
PTFE coated sample.  To establish the model the contact angle of a droplet of water on flat PTFE 
at STP, θ, was measured using the custom goniometer described above.   𝐶𝑜𝑠 𝜃 =    !!"(!!)!!!"(!!)!!"(!!)                                                  Eq. 1 
Where γSG(To) is the interfacial energy between the solid surface and the gas phase at the initial 
temperature To,  γSL(To) is the interfacial energy between the solid surface and the liquid phase at 
the initial temperature, and γLG (To)is the interfacial energy between the liquid phase and the gas 
phase at the initial temperature. Standard property tables were used to determine the surface 
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tension of water, γLG, and the interfacial energy between the solid and gas phases, γSG, at the 
given temperature To. The interfacial energy between the liquid and solid phase, γSL, was then 
determined using Young’s equation. (Equation 2)  𝛾!" 𝑇! = − !"# ! ∗!!"(!!)!!"(!!)                                                     Eq. 2 
  Next Young’s equation was setup using the critical surface tension of PTFE. (Equation 3) 
Figure 5 shows a Zisman plot for PTFE where the critical surface tension is determined by 
depositing liquid droplets of various surface tensions and extrapolating to the surface tension 
needed to achieve Cos(θ) = 1.  
 
Figure 5 Zisman plot for PTFE.  Various liquids are deposited on a smooth PTFE substrate. The critical 
surface tension is defined as the surface tension of a fluid that would fully wet the surface. (Cos(𝜃flat) = 1) 
The critical surface tension of PFTE is ~ 20 mN/m. [29]  
 
 Using standard property tables we can determine the temperature, Tcrit , at which water’s 
surface tension is equal to the critical surface tension. From here property tables can be used to 
determine the value of γSG at that same temperature. The interfacial energy between the liquid 
and solid phase, γSL, was then determined using Young’s equation once again.  𝐶𝑜𝑠 𝜃!"#$ =    !!"(!!"#$)!!!"(!!"#$)!!"(!!"#$)                                                                                             Eq. 3 
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 At this point we assume that γSL(T) is a linear function over the temperature range of 
interest.  𝛾!" 𝑇 =   𝑇𝑐!!" ∗ ∆𝑇 +   𝛾!" 𝑇!                                         Eq. 4 
 Where γSL(T) is the value of γSL at any temperature from To to Tcrit , TcγSL is the rate that  
γSL changes over the temperature range, ∆𝑇 is the difference between the temperature of interest 
T and the initial temperature To, and γSL(To) is the value of γSL at STP. Solving this equation for 𝑇𝑐!!" allows us to predict γSL at any temperature. We now have the ability to solve Young’s at 
any temperature within the range of To to 𝑇!"#$.  𝐶𝑜𝑠 𝜃(𝑇) =    !!"(!)!!!"(!)!!"(!)                                                Eq. 5 
Finally, the contact angle of a droplet on a rough surface can be calculated at any temperature 
using the Cassie-Baxter or the Wenzel models as they are a function of θ(T).   
Cos(θ(T)*) = f Cos(θ(T)) – (1-f))                                          Eq.6 
Cos(θ(T)*) = rCos(θ(T)))                                               Eq. 7 
 Changing any of the interfacial energies in Young’s equation can have a profound impact 
on θ(T)  and θ*(T). Figure 6 shows the change in contact angle that occurs when the gas phase 
(γSG) in Young’s changes from standard laboratory air to low pressure air to saturated water 
vapor. The apparent contact angle shrinks by 9-15° across the samples. In the case of the flat 
PTFE coated substrate this is enough to change the surface from hydrophobic to hydrophilic. 
Lower contact angles could lead to decreased droplet mobility, which would severely hamper 
heat transfer performance in multiphase heat exchangers. 
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Figure 6 Water droplets on a flat PTFE coated surface and micro textured surfaces. Droplet diameter ≈ 3 
mm. Contact angles decrease as the gas phase changes from STP air to saturated water vapor.  All images 
taken at 22° C. 
 
 Changing the saturation temperature of the ambient environment also has a significant 
impact on θ(T)  and θ*(T).  Figure 7 shows the change in contact angle that happens over a range 
of saturation temperatures. At high temperatures the surfaces exhibit contact angles that are up to 
22° lower than the contact angles measured in a standard laboratory environment. These 
significant reductions in hydrophobic behavior have serious implications for designing 
hydrophobic surfaces for use in saturated environments. 
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Figure 7 Water droplets on a pillar surface (top) and a waffle surface (bottom). Droplet diameter ≈ 3 mm 
The square pillar maintains steady contact angle over the temperature range while the waffle surface 
contact angels decreases by 12°.All images were taken at saturation pressures corresponding to the given 
temperatures.  
 
 Figure 8 shows the change in contact angle that happens over a range of saturation 
temperatures for micro-pillar geometries. The flat model shows Equation 5 plotted over the given 
temperature range. The data taken on a flat PTFE coated sample is shown by the “Flat Data” 
series and matches the model reasonably well. The projected bounds of the Cassie-Baxter state 
(Equation 6) and the Wenzel state (Equation 7) are shown as dotted lines. Data points that fall on 
or above the Cassie-Baxter bound are assumed to be in the Cassie-Baxter state since the Cassie-
Baxter model projects the minimum contact angle for droplets resting on top of asperities, while 
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points that fall between the Cassie-Baxter bound and the Wenzel bound are assumed to be in a 
partially wetted state. Data points falling below the Wenzel bound represent droplets that fully 
wet the surface since the Wenzel model projects the maximum contact angle for droplets that are 
fully wetting the asperities. All three of the pillar substrates tested here remained in the Cassie-
Baxter state over the temperature range. The ability to maintain the Cassie-Baxter state over a 
range of temperatures is a key factor in heat transfer performance since droplets in the Cassie-
Baxter state are typically more mobile than those in the partially wetted or Wenzel states. [30-33]   
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Figure 8 Apparent contact angle of water droplets on micro-textured pillar surfaces in saturated water 
vapor. As the pillar height decreases the contact angle becomes more sporadic over the temperature range.  
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 Figure 9 shows the change in contact angle that happens over a range of saturation 
temperatures for micro-waffle geometries. Again, the Cassie-Baxter and Wenzel bounds are 
shown as dotted lines. Not only do the waffle structures exhibit lower contact angles than the 
pillar structures, they also wet the surface in the less desirable partially wetted state.  This 
behavior suggests that micro scale waffles are poorly suited candidates for heat transfer 
structures in multiphase heat exchangers.  
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Figure 9 Apparent contact angle of water droplets on micro-textured waffle surfaces in saturated water 
vapor. The waffle surfaces exhibit contact angles between the Cassie-Baxter and Wenzel boundaries over 
the temperature range, suggesting that the surface is partially wetted.  
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 Tables 4 – 10 show the individual apparent contact angles for water droplets on the 
various surfaces over a range of saturation temperatures.  
Table 4 – Water on Flat PTFE  
Sat. Temp  (°C) ± 0.1 27.8 38 40.6 45.4 48.6 55.9 62.2 69.3 73.5 85 86.1 93.7 98.4 100.9 
θ (°) ± 5 90 90 94 87 88 88 90 82 85 75 82 79 77 80 
 
Table 5 - Water on Waffle #1 (D = 10 µm P = 12 µm H = 10 µm)  
Sat. Temp  (°C) ± 0.1 23.4 35.4 40.7 49.6 59.9 70.5 75.4 89.4 96.4 
θ* (°) ± 5 125 129 127 131 121 125 122 116 90 
 
Table 6 – Water on Waffle #2 (D = 20 µm P = 22 µm H = 10 µm)  
Sat. Temp  (°C) ± 0.1 24.17 37.22 41.42 52.73 63.21 69.62 81.12 91.1 94.34 
θ* (°) ± 5 137 135 136 134 131 133 126 125 125 
 
Table 7 – Water on Waffle #3 (D = 20 µm P = 22 µm H = 3.5 µm)  
Sat. Temp  (°C) ± 0.1 29.5 43.7 57.3 64.2 68.0 74.2 84.4 93.3 100.8 
θ* (°) ± 5 141 130 135 124 128 126 126 123 117 
 
Table 8 – Water on Pillar #1 (D = 10 µm P = 20 µm H = 20 µm)  
Sat. Temp  (°C) ± 0.1 23.5 36.2 41.1 49.6 61.5 69.8 78.8 90.7 95.2 
θ* (°) ± 5 140 139 142 140 140 135 137 133 130 
 
Table 9 – Water on Pillar #2  (D = 10 µm P = 20 µm H = 10 µm)  
Sat. Temp  (°C) ± 0.1 25.4 27.7 29.7 39.6 48.8 56.7 66.1 73.3 82.7 91.3 102 
θ* (°) ± 5 147 132 138 135 135 137 135 136 134 131 133 
 
Table 10 – Water on Pillar #3 (D = 10 µm P = 20 µm H = 3.5 µm)  
Sat. Temp  (°C) ± 0.1  27.2 28.3 34.4 40.9 43.8 45.6 52.6 56 61.8 75 83.3 94.7 101.5 
θ* (°) ± 5 134 142 143 129 130 127 128 143 126 140 135 133 130 
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CHAPTER 4: VARIOUS LIQUIDS ON NANOPARTICLE 
SURFACES  
 
 Micro scale roughness can be created using a variety of techniques. Spray coated 
nanoparticles are one fabrication technique that has been shown to result in hydrophobic surfaces 
with especially high contact angles.[34-38] When nanoparticles are spray coated onto a flat 
surface they form agglomerations with multiple length scales in the vertical direction. These 
agglomerations create a rough surface that can repel liquids with low surface tensions compared 
to water. [39-41] 
 The coatings for this study were fabricated by mixing zinc oxide (ZnO) nanoparticles 
with a polydimethylsiloxane (PDMS) copolymer binder and spray coating the slurry onto silicon 
wafers. The nanoparticles were produced by ultrasonic spray pyrolysis and have a diameter of 50 
– 100 nm.  The ratio of PDMS:ZnO nanoparticles varied from 2:1 to 1:2 by mass for the 
samples. After the PDMS was cured the samples were dip coated with a liquid PTFE (Teflon AF 
in a 5:1 dilution of FC-770:Teflon AF). Figure 10 shows SEM images of various nanoparticle 
coated substrates with varying concentrations of nanoparticles to copolymer binder. Increasing 
the concentration of nanoparticles in the solution increases the roughness of the multi-length 
scale agglomerations on the surface.  
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Figure 10 SEM images of nano particle coated surfaces.  
 
 Figure 11 shows droplets of water and RL-68H on various nanoparticle coated surfaces. 
Table 11 lists the various concentrations of PDMS and ZnO that were coated with PTFE and the 
contact angles of water and RL-68H oil droplets on those surfaces. Both the hydrophobic and 
oleophobic contact angle reach a maximum at the highest concentration of nanoparticles for the 
samples in this study.    
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Figure 11 Droplets of water and RL-68H on nanoparticle coated surfaces. Water droplet diameter ≈ 2 
mm, RL-68H diameter ≈ 1.5 mm.  
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Table 11 - Nanoparticle Samples  
  PDMS:ZnO Ratio θ*H2O (°) ± 0.1 θ*RL-68H  ± 0.1 
Nanoparticle 
#1 2:1 114.3 81.3 
Nanoparticle 
#2 1:1 156.7 74.1 
Nanoparticle 
#3 1:2 157.7 138.6 
Flat Sample Flat Teflon 111.5 74.5 
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CHAPTER 5: R-134a:RL-68H MIXTURES   
 
 While some heat transfer applications use water as the working fluid, there are many 
applications where the working fluids are refrigerants. The surface tension of a refrigerant (2.0 – 
15.0 mN/m) [42] is significantly lower than that of water (72.5 mN/m). Surfaces that can repel 
oils with low surface tensions (15 mN/m – 32 mN/m) are referred to as oleophobic.  [43] 
 Oleophobic behavior has been demonstrated by a variety of surfaces.  It has been shown 
that oil droplets on reentrant geometries have especially high static and advancing contact angles. 
[44-46] These reentrant geometries are formed when the top of an asperity has a larger projected 
surface area than the base of the asperity. Figure 12 shows an illustration of a mico-scale 
mushroom geometry with reentrant characteristics.  
 
Figure 12 Illustration of the micro scale mushroom design parameters.  
 
 Figures 13 and 14 show SEM images of a micro scale mushroom substrates. The 
substrates were manufactured using a propriety process by EDM Department Inc. in Bartlet, IL. 
The samples were coated in a thin layer of Teflon AF PTFE prior to testing droplet contact 
angles. Visual inspection of the coating with an optical microscope confirmed that the coating 
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was evenly applied and had minimal impact on the length scale of the micro mushrooms. Table 
12 details the mushroom geometries, the Cassie-Baxter roughness factor, and the Wenzel 
roughness factor for the surfaces fabricated for this study. 
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Figure 13 SEM images of micro scale mushroom samples. 
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Figure 14 SEM images of micro scale mushroom samples. 
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Table 12 - Mushroom Geometries  
Sample D (µm) 
W 
(µm) 
R 
(µm) 
H 
(µm) r f 
Mushroom #1 55 19 N/A 94 0.19 2.09 
Mushroom #2 67.5 58 30 90 0.22 2.11 
Mushroom #3 48 96 35.7 107 0.44 2.67 
Mushroom #4 60 31.5 30 67 0.11 1.87 
Mushroom #5 44 92 28 107 0.48 2.74 
Mushroom #6 53 66 55 85 0.11 2.42 
 
 Table 13 lists the apparent contact angles of water and RL-68H oil droplets on the micro 
scale mushroom samples as well as the projected Cassie-Baxter and Wezel contact angels. The 
larger than projected apparent contact angles for water droplets line up with Tuteja’s [44] 
conclusion that re-entrant structures can have higher apparent contact angles than those projected 
by the Cassie-Baxter equation.  
Table 13 – Mushroom Contact Angles 
Sample θ*H2O (°)± 0.1 θ*RL-68H (°)± 0.1 θ*Cassie(°) θ*Wenzel (°) 
Mushroom #1 164.7 54.1 147.5 111.2  
Mushroom #2 150.5 123.3 144.9 111.5  
Mushroom #3 146.7 146.9 129.5 117.6  
Mushroom #4 166.9 115.3 155.4	   108.9  
Mushroom #5 143.8 146.8 127.1 118.4  
Mushroom #6 171.5 123.3 155.4 114.8  
 
 Even with reentrant geometry it is difficult to measure a contact angle greater than 90° 
with a droplet of pure refrigerant. Real world systems that utilize refrigerant as a working fluid 
often contain an additive oil to improve lubrication in the system. The mass fraction of this oil is 
typically relatively low. However, the condensate formed in a condenser can contain a much 
larger percentage of oil. This mixture of refrigerant and pump oil has a larger surface tension 
than pure refrigerant.   
28 
	  
 Figures 15 and 16 show the apparent contact angle of a droplet of water and a droplet of 
100% RL-68H pump oil on various micro scale mushrooms surfaces.  
 
Figure 15 Water (left) and RL-68H (right) droplets on micro scale mushrooms.  Images taken at STP 
conditions. Water droplet diameter ≈ 2 mm, RL-68H diameter ≈ 1.5 mm  
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Figure 16 Water (left) and RL-68H (right) droplets on micro scale mushrooms.  Images taken at STP 
conditions. Water droplet diameter ≈ 2 mm, RL-68H diameter ≈ 1.5 mm  
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 Figure 17 shows the apparent contact angle of a droplet of 50% R-134a, 50% RL-68H on 
various micro scale geometries. The most reentrant micro scale mushroom and the micro scale 
waffle with the largest pitch are both able to maintain apparent contact angles greater than 90° at 
this concentration. This result confirms that it is possible to design surfaces that can repel 
refrigerant and pump oil in equal combinations. Repelling droplets of mixed refrigerant and 
pump oil could lead to increased performance in millions of refrigerant systems.  
 
Figure 17 50% R-134a, 50% RL-68H mixture on various surfaces. Droplet diameter ≈ 2 mm 
 
 Figure 18 shows how the apparent contact angle changes on multiple surfaces over a 
range of R-134a concentrations. All of the micro scale geometries are capable of repelling the 
droplets with a concentration of 25% R-134a. At 33% R-134a the least re-entrant micro scale 
mushroom geometry and the smaller pitch waffle sample both cease repelling the droplets. 
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Figure 18 Apparent contact angle of droplets of R-134a:RL-68H mixtures on various surfaces. The 
waffle shape with the largest pitch and the micro scale mushroom with the most reentrant geometry 
maintain the highest contact angles over the range of R-134a concentrations.  
 
 Table 14 shows the apparent contact angles of droplets of various R-134a:Rl-68H 
mixtures on multiple surfaces.   
Table 14 - R-134a:RL-68H Contact Angles (°) ± 5 
Geometry θ 0% R-134a θ 25% R-134a θ 33% R-134a θ 50% R-134a θ 60% R-134a θ 80% R-134a 
Mushroom #2 122 120 59 51 44 12 
Mushroom #1 110 100 58 47 31 25 
Mushroom #3 145 139 125 111 87 51 
Waffle #1   127 113 95 81 75 19 
Waffle #2  120 119 116 112 70 40 
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CHAPTER 6: ADVANCING SATURATED WATER DROPLETS  
 
 Droplet mobility has been shown to play a role in heat transfer during dropwise 
condensation. [47] Mobility can be characterized using advancing and receding contact angles. 
The advancing contact angle is the contact angle formed by the leading edge of a droplet as it 
slides on a surface, while the receding contact angle is formed by the trailing edge of the droplet. 
Droplets that can easily slide on a surface are characterized by large advancing and receding 
contact angles. Figure 19 shows an illustration of the advancing and receding contact angles of a 
droplet sliding on a surface.  
 
Figure 19 Illustration of moving droplet. Advancing and receding contact angles are formed by the 
leading and trailing edges of the contact line when the droplet moves.  
 
 Previous work with sessile droplets revealed that the static contact angle of a water 
droplet can decrease as the saturation temperature of the water vapor environment increases. The 
experimental setup from the previous experiments with sessile droplets was modified with a 
stage tilted at 20° to determine the impact of saturation temperature on the advancing contact 
angle of water droplets on various surfaces. The droplet dispenses deposited droplets on the tilted 
stage and a high speed camera (Vision Camera V 7.3, 300 frames per second) captured images of 
the droplets as they slid down the surface. The same micro scale pillar and waffle geometries 
from the sessile droplet experiments (Tables 1 and 2) were used for the advancing and receding 
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contact angles measurements.  Figure 20 shows images of water droplets sliding on various 
substrates.  
 
Figure 20 Sliding droplets of water on various surfaces over a range of saturation conditions. Droplet 
diameter ≈ 2 mm 
 
 Figure 21  shows the advancing contact angles of droplets sliding on various surfaces. As 
the saturation temperature increases the advancing contact angles decrease for all of the surfaces. 
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The overall results are similar to those from the sessile droplets with the tallest pillars 
maintaining the highest advancing contact angels across the range of saturation temperatures.  
 
Figure 21 Advancing contact angles of saturated water droplets on various surfaces 
 
 Figure 22 shows the receding contact angles of droplets sliding on various surfaces. All 
of the receding contact angels are lower than the advancing contact angles for the surfaces in this 
study. This hysteresis decreases for all of the textured surfaces over the range of saturation 
temperatures.
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Figure 22 Receding contact angles of saturated water droplets on various surfaces 
 Table 15 shows the apparent advancing and receding contact angles of droplets on 
various surfaces over a range of saturation temperatures.  
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Table 15 - Advancing and Receding Contact Angles 
  Sat. Temp  (°C) ± 0.1  θAdvancing (°) ± 5 θReceding  (°) ± 5 
Flat PTFE 
25.7 87 73 
41.5 78 65 
60.2 86 70 
81.5 89 73 
100.1 88 78 
Waffle #1  
26.8 120 104 
41.5 123 102 
62.2 127 100 
80.2 110 90 
100.1 91 90 
Waffle #2  
26.8 133 106 
41.5 134 108 
62.2 136 104 
80.2 110 102 
100.1 91 71 
Pillar #1  
26.8 154 111 
41.5 150 106 
60.2 152 105 
81.8 138 112 
100 128 106 
Pillar #2  
26.8 150 111 
41.5 135 106 
60.2 127 105 
81.5 128 112 
100.1 130 106 
Pillar #3  
26.8 140 102 
41.5 149 105 
60.2 110 68 
81.5 89 66 
100.1 84 75 
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CHAPTER 7: CONCLUSIONS  
 
 This thesis reports the design, fabrication, and characterization of multiple omniphobic 
surfaces exposed to various saturated environments. The micro scale pillar surfaces maintain the 
Cassie-Baxter regime for drops of water over a range of saturation temperatures while the micro 
scale waffles transition into the partially wetted state under the same conditions. Micro scale 
mushrooms and waffle surfaces are able to maintain oleophobic behavior for droplets with a 
concentration of up to 50% R-134a. Under certain conditions the advancing and receding contact 
angles of water droplets on micro scale pillars and waffles can decrease as the saturation 
temperature is increased. Spray deposited nanoparticles with hierarchical structures have the 
potential to create easily manufacturable refrigerantphobic surfaces. The surfaces described in 
this thesis could be used to significantly improve devices that rely upon a liquid-vapor interface, 
including two-phase heat exchangers, water purification systems, and microfluidic devices. 
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APPENDIX A: R-134a:RL-68H Droplet Images  
 
 
Figure 23 R-134a:RL-68H mixtures on Mushroom #1. Droplet diameter ≈ 2 mm 
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Figure 24 R-134a:RL-68H mixtures on Mushroom #2. Droplet diameter ≈ 2 mm 
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Figure 25 R-134a:RL-68H mixtures on Mushroom #3. Droplet diameter ≈ 2 mm 
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Figure 26 R-134a:RL-68H mixtures on Waffle #1. Droplet diameter ≈ 2 mm 
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Figure 27 R-134a:RL-68H mixtures on Waffle #2. Droplet diameter ≈ 2 mm 
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APPENDIX B: Literature Review  
 
General Hydrophobicity  
 
Cui, Wang, Xiao, Su, and Chen, “The Stability of Superhydrophobic Surfaces Tested by 
High Speed Current Scouring”, Applied Surface Science, 254, pp. 2911-2916, 2008. 
 
Hydrophobic surfaces that can withstand external abrasion are in high demand from various 
industries. These robust surfaces would enable phobic behavior to be utilized in applications 
where regular surface treatment is difficult or impossible. Examples include the inside of heat 
exchangers and the outside of submerged vessels.  In this paper Cui et al. examined four separate 
hydrophobic surface coating techniques and compared their ability to maintain high contact 
angles after being scoured with a sand blaster for 32 hours. They concluded that surfaces created 
by chemical etching had a higher resistance to abrasion than the sample created using nano 
particles. They also recommend surfaces created using epoxy resin modified by aminosiloxane. 
These results could assist us in selecting a polymer cocktail for adhering nanoparticles in our 
refrigerant experiments.  
 
 
Gao and McCarthy, “Teflon is Hydrophilic. Comments on Definitions of Hydrophobic, 
Shear versus Tensile Hydrophobicity, and Wettability Characterization” , Langmuir, Vol 
24, Number 17, pp. 9183-9188, 2008. 
 
The word hydrophobic has been used to describe a variety of surfaces over the past several years. 
Many of these surfaces have been characterized by a single contact angle for a static droplet.  
This description is not ideal though, because many surfaces with large contact angles (θ > 150°) 
can still pin droplets to their surfaces even when tilted at aggressive angles. (>45°) This in habits 
droplet mobility and contradicts the  typical expectations of high droplet mobility on a 
hydrophobic surface. Gao and McCarthy suggest that the words “hydrophobic” and 
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“hydrophilic” be treated as adjectives. In their place, they suggest that the advancing and 
receding contact angles for a given surface be used to describe droplet mobility.  
 
Gao and McCarthy, “Artificial Lotus Leaf Prepared Using a 1945 Patent and a 
Commercial Textile”, Langmuir, 22, 5998-6000, 2006. 
 
There have been an abundance of research articles published on micro textured surfaces that 
exhibit hydrophobic behavior. In this paper Gao and McCarthy criticize the current research for 
ignoring past work in the area of textiles. These surfaces, made by simple manufacturing 
processes and then dipped into a toluene solution, can exhibit advancing contact angles as high 
as 170°. This low cost method can create much larger quantities of hydrophobic materials 
compared to typical hydrophobic surface preparation.  
 
Jose´ Bico a, Uwe Thiele b, David Que´re, “Wetting of textured surfaces”, Colloids and 
Surfaces A: Physicochemical and Engineering Aspects, 206, pp.41–46, 2002. 
 
This paper presents a quantitative model for the wetting behavior of various textured solids.  The 
authors define hydrophobic behavior as 𝜃!"!#$%& > 90° and hydrophilic as 𝜃!"!#$%& < 90°. In this 
discussion the contact angle on a flat surface is denoted by θ, while the contact angle for a 
textured surface called θ*. Hydrophobic solids have a lower surface energy than the surface 
tension of the fluid being applied to the surface. (𝛾!"< 𝛾!"). Therefore, the surface energy can be 
lowered further if air is trapped below the droplet. This causes θ* to jump in value and then vary 
slowly with changing θ.  
 
The contact angle can also be written as a function of the solid/liquid interface below the drop. 
(ϕ!) Lower values of ϕ! are shown to lead to higher values of θ*. This means that hydrophobic 
states can be achieved on surfaces that are not highly rough, so long as they are designed in a 
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way that favors air trapping. As long as the flat surface is hydrophobic enough to sustain air 
trapping the textured surface should be able to sustain hydrophobic behavior. The contact line is 
then said to be pinned to the texture. Unpinning this contact line (by changing the surface 
morphology or chemical composition) will cause the droplet to impregnate the regions between 
the surface asperities and thus transition to the Wenzel state.  
 
Oner and McCarthy, "Ultrahydrophobic surfaces. Effects of topography length scales on 
wettability," Langmuir, vol. 16, pp. 7777-7782, Oct 2000. 
 
In this paper the height and spacing of arrays of pillars were both varied to see the impact on 
advancing contact angles. The authors found that increasing the height up to 20 µm increased the 
contact angle, but going from 20 to 140 µm had no impact on the contact angle.  
 
Roach, Shirtcliffe, and Newton, "Progess in superhydrophobic surface development," Soft 
Matter, vol. 4, pp. 224-240, 2008. 
 
Roach et al. review various techniques for fabricating hydrophobic surfaces. They discuss the 
increasing trend of creating multi-length scale geometries to improve hydrophobic behavior. 
However, question the scalability of the existing techniques for creating multi-length scale 
surfaces and suggest that they are too complicated for industrial applications.  
 
Sprayed nanoparticles provide a much easier method for creating multi-length scale surfaces than 
any of the other typical methods discussed in this paper. (growth of crystals, lithography, etc)  
 
Condensation Heat Transfer   
 
Dietz, Rykaczewski, Fedorov, and Joshi, “Visualization of droplet departure on a super 
hydrophobic surface and implications to heat transfer enhancement during dropwise 
condensation”, “Applied Physics Letters”, 97, 033104, 2010. 
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Vertical surfaces are commonly found in heat exchangers.  Improving the droplet mobility on 
dropwise condensing vertical surface could dramatically improve the overall system efficiency.  
This study examined the droplet mobility on a surface with nano structures coated with 1-
hexadecanethiol. When vertically aligned, these nano structures allow the surface to constantly 
shed droplets of a smaller diameter  (<10µm) compared to a similarly aligned flat surface coated 
with Rain-X. Droplets with a diameter below10µm contribute to heat transfer more than larger 
droplets.  This constant droplet shedding leads to a 100% increase in the heat transfer coefficient 
for the nanostructured surface.  
Leach, Stevens, Langford, and Dickinson, “Dropwise Condensation: Experiments and 
simulations of nucleation and growth of water drops in a cooling system”, Langmuir, 22, 
pp. 8864-8872, 2006. 
 
This paper examines the impact of multiple droplet sizes during condensation nucleation. The 
authors show that the rate of condensation per unit area is highest for the smallest droplet sizes. 
This high rate of condensation may explain the high heat transfer rates that are found in dropwise 
wetting regimes when compared to those of flimwise condensation.  
 
Hydrophobic surfaces shed droplets faster than non-hydrophobic surfaces. This allows smaller 
droplets to form on the area vacated by the previous droplet, which in turn allows small droplets 
to condense on the surface and continue the cycle of high heat transfer rates.   
 
LeFevre, Rose, “An experimental study of heat transfer by dropwise 
condensation,” International Journal of Heat and Mass Transfer, 8, 1117, 1965. 
 
Until this paper was written there was a widespread disagreement on the behavior of the steam-
side heat transfer coefficient during dropwise condensation. The coefficient had been measured 
to increase, decrease, and be totally independent of heat flux. LeFevre et al experimentally 
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demonstrated that the heat transfer coefficient increased with increased heat flux. Their work 
showed that previous results were inconsistent due to faulty measurement methods. These results 
established a foundation for future research in the field of dropwise condensation heat transfer.  
 
Narhe, and Beysens, “Growth Dynamics of Water Drops on a Square-Pattern Rough 
Hydrophobic Surface”, Langmuir, 23, pp. 6486-6489, 2006. 
 
Droplets that condense on square pattern rough hydrophobic surfaces produce significantly 
different contact angles than droplets that are deposited on the surface. During condensation 
water droplets grow on the tops, sides, and gaps between the pillars. Once the droplet size 
reaches a maximum they combine and form subsequently larger droplets. Droplet growth can 
cause droplets that were previously in the Cassie-Baxter state to transition to the Wenzel regime. 
This transition alters the contact angle and can product lower than expected contact angles on 
previously super hydrophobic surfaces.  
 
Rose, “Dropwise condensation theory and experiment: a review”, Proceedings of the  
Institution of  Mechanical  Engineers Part A: Journal of Power and Energy, Volume 216, 
115, 2002.  
 
Rose reviews the published literature on condensation heat transfer from 1930 through 2002. 
Even though it was known that dropwise condensation improved heat transfer since Schmidt 
published his work in 1930 there was a large amount of discrepancy between different 
measurements until the 1960s. Previous work has shown that the thermal conductivity of the 
surface has minimal impact on the heat transfer improvement from dropwise condensation. 
Finally, he shows that there is still no universally accepted mechanism for promoting dropwise 
condensation under industrial conditions.   
 
Rykaczewski, “Microdroplet Growth Mechanism during Water Condensation on 
Superhydrophobic Surfaces”, Langmuir, 28, pp. 7720-7729, 2012. 
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This paper builds upon past research in the area of condensate droplet growth on hydrophobic 
surfaces. Rykaczewski experimentally and theoretically examines micro droplet (d < 10 µm) 
growth on nanotextured surfaces. In his experiments droplets were grown on a nanoparticle 
coated surfaces inside an environmental scanning electron microscope. His work shows that 
during condensation the constant base area growth model under predicts the static contact angle 
of a droplet. This paper serves as another example of recent condensation contact angle data 
taken at a single pressure and temperature.  
 
Rainieri, Bozzoli, and Pagliarini, “Effect of a Hydrophobic Coating on the Local Heat 
Transfer Coefficient in Forced Convection Under Wet Conditions”, Experimental Heat 
Transfer,23, pp. 163-177, 2009. 
 
Improving local heat transfer coefficients in two phase convective flows would make 
condensers, heat recovery systems, and dehumidifiers more efficient. Droplet mobility is the 
main mechanism for improving heat transfer on dropwise condensing surfaces found in these 
systems. In this study a hydrophobic coating was applied to the surface of interest. This resulted 
in droplets covering ~15% of the surface during condensation vs ~45% on a non-coated surface. 
This reduction in surface coverage lead to a convection coefficient ~25% higher for the coated 
surface vs. the uncoated surface.  
 
Schmidt, Schurig, and Sellschopp, “Versuche über die Kondensation von Wasserdampf in 
Film- und Tropfenform,” Forsch. Ingenieurwes. 1, 53–63, 1930.  
 
Schmidt shows that dropwise condensation heat transfer is 5-7x larger than filmwise 
condensation. This is the first publication that presents data on the improvements in heat transfer 
from dropwise condensation. 
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Vemuri, Kim “An Experimental and Theoretical Study on the Concept of Dropwise 
Condensation” International Journal of Heat and Mass Transfer 49, 649-657, 2006.  
 
Promoting dropwise condensation on smooth surfaces is difficult and typically requires the 
application of materials with high thermal resistance. This increased thermal resistance 
diminishes the performance benefits of achieving dropwise condensation in the first place. In this 
paper, hydrophobic coatings were created through the use of salf-assembled mono layers. Even 
though these layers are incredibly thin (~27 angstroms) they are still able to promote dropwise 
condensation, which leads to an improvement of between 3 and 8 times for the overall heat 
transfer coefficient when compared to filmwise condensation. 
 
Zhong, Xuehu, Sifang, Mingzhe, Xiaoan, “Effects of Surface Free Energy and 
Nanostructures on Dropwise Condensation”, Chemical Engineering Journal, 156, pp. 546-
552, 2010. 
 
Typically, when two different hydrophobic surfaces are being compared to one another the 
surface with the higher static contact angle is expected to have higher overall heat transfer 
coefficient.  Zhong et al examine the effects of changing the surface free energy and nano 
structuring of a surface on a dropwise condensation regime. Steam was condensed on two 
different hydrophobic self-assembled monolayer (SAM) surfaces. The end result showed that the 
SAM with the larger liquid –solid surface free energy difference (larger static contact angle) 
ended up with a larger contact angle hysteresis during condensation. This resulted in a composite 
droplet configuration (not fully Cassie or Wenzel), which then lead to lower overall heat transfer 
rates compared to the SAM with a smaller liquid-solid surface free energy difference. .This result 
contradicts the typical expectation for two hydrophobic surfaces. The mobility inhibiting 
composite state was the result of nano-structures on the surface of the first SAM, compared to 
the mirror finish on the second SAM.  
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Ambient Temperature Testing  
 
Berger, Sundhararajan, and Nagaosa , “Influence of Temperature on the Hydrophobicity 
of Polymers ”, IEE Conference on Electrical Insulation and Dielectric Phenomena, pp. 394-
397, 1997. 
 
Berger et al. examined the impact of temperature on the hydrophobic behavior of various 
polymer materials.  These effects are important in the power industry where polymers are used to 
coat high voltage lines. Hydrophobic materials last longer and require less maintenance than 
hydrophilic materials. The tests were conducted by bringing the polymers to temperatures 
ranging from -30 to 50° C and then allowing them to recover back to room temperature. The 
contact angle was measured under standard laboratory conditions as the polymer samples heated 
or cooled to room temperature after being removed from a thermal isolation chamber. The 
materials tested in this study had a maximum contact angle of ~90° at room temperature. The 
authors concluded that the polymers returned to their maximum contact angle more quickly 
when heated vs. when they were cooled.  
 
Bourges-Monnier, Shanahan, “Influence of Evaporation on Contact Angle”, Langmuir, 11, 
pp.2820-2829, 1995. 
 
The contact angle of a water droplet has been observed to diminish as the droplet evaporates into 
the atmosphere. In this paper, Monnier and Shanahan show that contact angles remain constant 
when a droplet is in an atmosphere of saturated water vapor. They suggest maintaining an 
atmosphere of water vapor to stop evaporation in sessile droplet experiments.  
 
 
Cheng, Lai, Du, Zhu, Zhang, and Sun “Superhydrophobic surface with switchable 
adhesion responsive to both temperature and Ph”, Soft Matter, 8, pp. 9635-9641, 2012. 
 
Cheng et al. developed a novel superhydrophobic surface with temperature and pH dependent 
properties for the publication. Their surface was fabricated by mixing a co-polymer with a low 
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surface energy fluoroalkysilane and applying it to a micro textured surface. The resulting 
substrate was capable of pinning the droplet to the surface when turned upside down at a low 
temperature (20°C), but at a higher temperature (45°C) droplets were able to easily slide across 
the surface.  The resulting contact angles at the higher and lower temperatures varied by less than 
5° in this study. Contact angles were recorded by measuring droplets deposited on heated 
surfaces in standard laboratory conditions.  
 
Lafuma and Quere , “Superhydrophobic States”, Nature Materials Letters , Vol. 2 pp. 457-
460, 2003. 
 
In this study the authors examine the changes in contact angle hysteresis that occur when 
droplets transition between the Wenzel and Cassie states. Their primary experimental technique 
involved placing a droplet between two identical hydrophobic substrates and then applying an 
external pressure. The contact angle of the upper and lower surfaces is plotted on a figure that 
has upper and lower bounds that correspond to the Cassie-Baxter and Wenzel contact angle for 
the surface. The resulting graph is similar to the figures of data found in our paper. This letter 
will provide a good justification for the way that we are representing our data.  
 
Takahashi, Ikuta, Nagayama, Takaka, and Asano, “Simple Fabrication of Hydrophobic 
Surface for High-Temperature Microsystems”, 7th International Conference on 
Minaturazed Biochemical and Analysis Systems, pp. 503-506, 2003. 
 
Takahashi et al. developed a method for fabricating hydrophobic surfaces that does not require 
the use of PTFE or other polymers. They claim that this new method can be used to create 
surfaces that withstand high temperature applications (above 300° C) that are not possible with 
typical polymer coatings. Although their technique resulted in surfaces that were still 
hydrophobic after heating to high temperatures, the measurements of contact angles were done at 
room temperature after the substrate was cooled down from the high temperature.  
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Verplanck, Coffinier, Thomy, and Boukherroub, “Wettability Switching Techniques on 
Superhydrophobic Surfaces”, NanoReview, 2, pp.577-596 , 2007. 
 
This review paper covers a wide variety of topics related to tunable superhydrophobic surfaces. 
The section of interest for our work deals with the change in the solid surface free energy, or the 𝛾!" term in Young’s equation. (Below)  𝐶𝑜𝑠 𝜃!"#$ =    𝛾!" − 𝛾!"𝛾!"  
Increasing the temperature of specific polymers can lead to changes in the 𝛾!" term large enough 
that the contact angle can increase by over 100° after a temperature change from 29 to 40°C. 
This effect could be beneficial for applications where tunable hydrophobicity is needed, such as 
in a lab on a chip.  
 
Yekta-Fard, Ponter, “The Influences of Vapor Environment and Temperature on the 
Contact Angle-Drop Size Relationship”, Journal of Colloid and Interface Sciences, Vol. 126, 
No. 1, pp. 134-140, 1988.  
 
This paper examined the change in contact angle for droplets of different sizes on a number of 
different surfaces at various temperatures and vapor phases. Advancing contact angle was found 
to decrease when the vapor phase was water vapor vs. when the vapor phase was saturated air.  
 
 
Defining Condensation Modes 
 
F. P. Incropera and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 5th ed. New 
York: Wiley, 2002. 
  
This textbook contanis a brief discussion on ocndensation heat transfer. Dropwise and filmwise 
condensation are defind and the increaase in heat transfer rates from dropwise condensation is 
mentioned.  
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Micro Scale Geometries   
 
Cassie and Baxter, "Wettability of porous surfaces," Transactions Faraday Society vol. 40, 
p. 546, 1944. 
 
In this paper Cassie and Baxter report the contact angles of various porous surfaces and 
demonstrate that it is possible to achieve hydrophobic behavior from such surfaces. This paper 
appears to be the first time that hydrophobic pores are charcterized and systamatically examined. 
This is important because hydrophobic porous surfaces have become a major area of interest in 
the 70+ years since this paper was origionally published.  
 
Deng, Varanasi, Hsu, Bhate, Keimel, Stein, and Blohm, “Nonwetting of impinging droplets 
on textured surfaces”, Applied Physics Letters, 94, 133109,1-3, 2009. 
 
Creating hydrophobic surfaces that can withstand the water hammer pressure of impinging 
droplets would be of interest for a variety of applications. These applications range from 
decreasing ice formation on aircraft wings to preventing droplet erosion on turbine blades. 
Impinging droplets typically have velocities much higher than typical terminal velocities of rain 
drops, and therefore higher energy levels when they impact the surfaces. This paper shows that 
the micro textures on a surface designed to create super hydrophobic behavior from impinging 
droplets need to be as tightly packed as possible (minimize pitch). The ratio of pitch to pillar 
diameter presented in this paper is ~1.45:1.  
 
Huang, Wu, and Yang, “Direct fabricating patterns using stamping transfer process with 
PDMS mold of hydrophobic nanostructures on surface of micro-cavity”, Microelectronic 
Engineering, 88, pp.849-854, 2011.  
 
Transfer stamping can be used to fabricate thin film patterns. However, there is an issue with 
adhesion causing the films to damage upon release from the mold. In this paper the authors 
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fabricated periodic nanopores on the surface of the mold, which made film release much easier 
due to the hydrophobic nature of the surfaces.  
 
Liu, Sun, and Ai, “Thermodynamic Analysis of the Effects of the Hierarchical Architecture 
of a Superhydrophobic Surface on a Condensed Drop State”, Langmuir, 26, pp. 14835-
14841, 2010. 
 
Hierarchical super hydrophobic surfaces are comprised of a combination of micro and nano scale 
elements. When droplets form on a surface with only micro scale roughness they favor the 
Wenzel state over the Cassie state, leading to a relatively low contact angle. However, when 
droplets condense on a surface with a hierarchical geometry they can spontaneously transition to 
the Cassie-Baxter state. Droplets that condense on micro scale only superhydrophobic surfaces 
do not normally follow the Wenzel model for droplet contact angle. This happens because the 
volume of the droplet in the partially wetted Wenzel state can account for a significant 
percentage of the total droplet volume, altering the assumptions of the original Wenzel equation.   
 
Oner, Mcarthy, “Ultrahydrophobic Surfaces. Effects of Topography Length Scales on 
Wettability”, Langmuir, 16, pp.7777-7782, 2000. 
 
Micro textured surfaces have been used to create hydrophobic surfaces for decades. A variety of 
geometries had been studied prior to the publication of this paper. However, no systematic 
analysis of the length scale had been published before this paper. Their experimental procedure 
involved the fabrication of a surface with various topographies (squares, stars, etc) as well as 
various length scales. For square pillars like the ones that are being used in the pressure vessel 
they found that there was no significant in contact angle for surfaces with feature heights over a 
range of 20 to 140µms. They also found that the maximum pitch for creating hydrophobic 
surfaces is ~32 µm.  
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Salvadori, Cattani, Oliveira, Teixeira, and Brown, “Design and fabrication of 
superhydrophobic surfaces formed of microcavities” Applied Physics Letters, 96, 2010. 
 
Most hydrophobic micro textured surfaces are constructed using micro pillars. When these 
pillars transition to the Wenzel state they must be completely dried before they can exhibit 
hydrophobic behavior again. This paper presents an analysis of micro cavities, or waffle 
surfaces. These micro cavities are capable of exhibiting advancing contact angels in excess of 
150°.  The micro cavities are also able to resist wetting under much higher pressures than micro 
pillars thanks to the confined air in the micro cavities. For non-submersed surfaces this suggests 
that waffle geometries should maintain higher apparent contact angles for a variety of surface 
tensions, or in our case over a wider range of temperatures than comparable (similar θ*(Tint)) 
micro-pillar geometry.  
 
 
Cassie to Wenzel Transition  
 
Barbieri, Wagner,  and Hoffmann, “Water Wetting Transition Parameters of 
Perfluorinated Substrates with Periodically Distributed Flat-Top Microscale Obstacles”, 
Langmuir, 23, pp. 1723-1734, 2007. 
 
Droplets on a micro textured surface can exist in either the Cassie-Baxter state, the Wenzel state, 
or a composite state somewhere between the two. If a droplet is in the Cassie-Baxter state when 
it is deposited on the surface it can transition to the thermodynamically favored Wenzel state if 
the energy applied to the droplet is greater than the energy required to fill the gaps between the 
asperities. In this paper that energy was supplied by increasing the initial potential energy of the 
droplet (dropping it on the surface from a height vs. direct deposition).  
 
Dorrer and Ruhe, “Condensation and Wetting Transitions on Microstructured 
Ultrahydrophobic Surfaces” , Langmuir, 23, pp.3820-3824, 2007. 
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Transitions between the Cassie and Wenzel states have been observed under a variety of 
circumstances. Typically, once a surface transitions to the Wenzel state is cannot transition back 
to the Cassie state, thereby losing many of the benefits associated with the Cassie Baxter state 
(improved fluid mobility, heat transfer, etc) In this research it was shown that if a Wenzel droplet 
begins to form on the inside the gap between two asperities (through condensation) and then 
comes in contact with another droplet that is in the Cassie Baxter it can become absorbed by the 
Cassie droplet and transition into the Cassie state. This suggests that it might be favorable to 
have strongly Cassie structure with a minimum asperity height in order to facilitate this transition 
from Wenzel to Cassie. This minimization of asperity height would limit the Wenzel droplet 
volume that would need to be absorbed by the Cassie droplets and therefore stay below the 
maximum energy level for maintaining the Cassie Baxter state.  
 
 
Nosonovsky and Bhushan, “Energy Transisitons in superhydrophobicity: low adhesion, 
easy flow and bouncing”,  Journal of Physics: Condensed Matter, 20,  2008. 
 
The transition from the Cassie to the Wenzel state (and vice versa) takes place when the surface 
energy of the droplet is modified. This energy barrier is governed by the equation:  
 
∆𝐸 = 𝐴! ∗ 𝜋𝐻𝐷𝑃! ∗ 𝛾!" − 𝛾!"  
 
Where 𝐴! is 𝜋(𝑅𝑠𝑖𝑛 𝜃 )! and R is the radius of the droplet. For short pitch distances between 
pillars the net energy of the Cassie state is higher than the Wenzel state, but this changes as the 
pillars are spread further apart, i.e. the transition energy barrier is lowered.  If the energy barrier 
of the Cassie-Wenzel transition is crossed then the droplet fully wets the surface. In this paper 
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energy was added to the droplets by increasing the height that the droplets were released from 
before impacting the surface.  
 
Rioboo, Voue, Vaillant, and Coninck, “Drop Impact On Porous Superhydrophobic 
Polymer Surfaces” Langmuir, 24, pp. 14074-14077, 2008. 
 
Droplets deposited on a typically Cassie-Baxter micro textured surface from a given height can 
end up in the Wenzel state if the potential energy is enough to overcome to energy needed to fill 
in the gaps between the surface features. The critical velocity that results in this transition is 
related to the inverse square root of the droplet diameter.  
𝑉𝑐 =    2𝛾!"𝜌𝑑  
Where 𝛾!"   is the surface tension of the liquid, 𝜌 is the density of the fluid, and 𝑑 is the droplet 
diameter.  
 
Nanoparticle Coated Surfaces  
 
Coulson, Woodward, and Badyal, “Ultralow Surface Energy Plasma Polymer Films”, 
Chem. Mater, 12, 2031-2038, 2000. 
 
Coulson et al. created films with low critical surface tensions (~ 4.3 mN/m) that had nano-scale 
roughness features. These features resulted in contact angles in excess of 130 ° for both water 
and heptane. The roughness elements on the surface were ~ 7-10 nm tall, which was much taller 
than the roughness height of ~ 0.5 nm reported for a conventionally prepared perfluoroacrylates. 
 
Hsieh, Chen, Kuo, Lin, and Wu, “Influence of surface roughness on water- and oil-
repellent surfaces coated with nanoparticles”, Applied Surface Science, 240, pp. 318-326, 
2005. 
 
In this paper Hsieh et al. coated silicon wafer with a mixture of Titanium dioxide nano particles 
(20-50 nm in diameter) and an aqueous copolymer binder from Dupont. By varying the ratios of 
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the TiO2 nanoparticles with the copolymer various levels of surface roughness were created. The 
surface roughness was found to be a maximum at 5.6% TiO2. The surface roughness impacted 
the contact angle with higher contact angles coming from higher surface roughness levels. The 
maximum hydrophobic contact angle in this study was ~165°. The maximum roughness surface 
was also able to repel methylene and seed oil.  
 
Roach, Shirtcliffe, and Newton, "Progess in superhydrophobic surface development," Soft 
Matter, vol. 4, pp. 224-240, 2008. 
 
Roach et al. review various techniques for fabricating hydrophobic surfaces. They discuss the 
increasing trend of creating multi-length scale geometries to improve hydrophobic behavior. 
However, question the scalability of the existing techniques for creating multi-length scale 
surfaces and suggest that they are too complicated for industrial applications.  Sprayed 
nanoparticles provide a much easier method for creating multi-length scale surfaces than any of 
the other typical methods discussed in this paper. (growth of crystals, lithography, etc)  
 
Steele, Bayer, and Loth, “Inherently Superoleophobic Nanocomposite Coatings by Spray 
Atomization”, Nano Letters, Vol.9, No. 1, 501-505, 2009. 
 
Steele et al. describe a technique for creating superoleophobic coatings using spray casted 
nanoparticle-polymer suspensions. Zinc Oxide nanoparticles are mixed with a waterborne 
polymer and some acetone to form a slurry that can be sprayed onto a variety of substrates. Once 
the has cured the surfaces become highly hydrophobic and oleobohbic, with contact angles as 
high as 170° for water and 157° for DTE 11M oil.  The surfaces are able to achieve such high 
contact angles thanks to the multi-length scale hierarchical structures that form when 
nanoparticles agglomerate on the surface during spray casting.  
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Xie, Xu, Feng, Jiang, Tang, Luo, and Han, “Facile Creation of a Sper-Amphiphobic 
Coating Surface with Bionic Microstructure”, Advanced Materials, 16, No.4, pp. 302-305 , 
2004. 
 
In this paper a film was constructed using a combination of micro scale PMMA roughness 
elements coated with FPU nano scale roughness elements. The resulting film had a contact angle 
that was 15-20% higher than the PMMA or FPU elements alone.  This multi-length scale 
geometry is one of the inspirations behind the Loth paper that served as the basis for our 
nanoparticle coating method.  
 
Multi-lengthscale Geometries  
 
Chen, Cai, Tsai, Chen, Xiong, Yu, and Ren, "Dropwise condensation on superhydrophobic 
surfaces with two-tier roughness," Applied Physics Letters, vol. 90, Apr 2007. 
 
This paper deomnstrates that two-tiered hydrophobic surfaces are superior to single tiered 
surface in condensation wetting regimes. These two-tiered surfaces result in droplets that are 
much smaller and more mobile than their single tiered or flat conuterparts. 
 
Gao and McCarthy, "The "lotus effect" explained: Two reasons why two length scales of 
topography are important," Langmuir, vol. 22, pp. 2966-2967, Mar 2006.  
 
This paper shows that micro and nano scale length scales are important to consider when 
designing hydrophobic surfaces. Rhombus posts ( 4x8x40 µm) are shown to increase 
advancing/receeding contact angles of a smooth hydrophobic surface from 104/103 to 176/156. 
However, adding a nanoscale roughness to the top of the posts increases the receding contact 
angle from 156 to 176 degrees and eliminates all hysteresis. This increase in the receding contact 
angle comes from the increase in Laplace pressure. 
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Quere, "Non-sticking drops," Reports on Progress in Physics, vol. 68, pp. 2495-2532, Nov 
2005. 
 
Quere’s paper contains a discussion on the capillary length, k, and the impact that droplet size 
has on droplet mobility. The capillary length can be defined for any liquid using the equation 
below.  𝑘!! = ( 𝛾𝜌𝑔)!/! 
Where 𝑘 is the capillary length, 𝛾 is the surface tension of the liquid, 𝜌  is the density of the 
liquid, and g is the acceleration due to gravity. This equation is a re-statement of the bond 
number equation: 
 
𝐵𝑜 =   𝜌𝑔𝐿!𝛾  
Where 𝐵𝑜 is the Bond number and L is the characteristic length of the droplet. As long as Bo is 
< 1 the droplet will be dominated by the surface tension forces instead of the gravitational forces.  
 
R-134a Surface Tension  
 
Chae, Schmidt, and Moldover, “Surface Tension of Refrigrants R123 and R134a”, Journal 
of Chemical Engineering, 35, pp. 6-8, 1990 
  
Chae measures the surface tension of R123 and R134a using a capilary rise technique. The 
surface tensions were measured over a tempearture range of -10 to +95 °C. 
 
 
 
Oleophobic Definition  
 
Aulin, Yun, Wågberg, and Lindstro, “Design of Highly Oleophobic Cellulose Surfaces from 
Structured Silicon Templates”, Applied Materials and Interfaces, Vol 1, No. 11, pp. 2443–
2452, 2009. 
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In this paper an array of nano-scale silicon wires/pillars were fabricated using a plasma etching 
process. The resulting structures had length scales on the order of nanometers to micrometers 
and exhibited oleophobic behavior after being coated with a layer of fluorinated organic 
trichlorosilanes.  
 
Re-entrant Microstructures  
 
Im, Im, Lee, Yoon, and Choi, “Analytical Modeling and Thermodynamic Analysis of 
Robust Superhydrophobic Surfaces with Inverse-Trapezoidal Microstructures”, Langmuir, 
26(22), 17389-17397, 2010. 
 
In this paper a set of re-entrant invers trapezoidal microstructures were fabricated out of PDMS 
and coated with PTFE. The researchers conducted a thermodynamic analysis of the geometry 
parameters of the trapezoids and concluded that the overhang length did not greatly impact the 
hydrophobic behavior of the substrates, but that the angle of the overhang was critical in 
achieving oleophobic behavior with lower surface tension liquids.  
 
 
Tuteja, Choib, Mabryc, McKinley, and Cohena, “Robust Omniphobic Surfaces”, PNAS, 
Vol. 105, No. 47, pp. 18200-18205, 2008. 
 
This paper discusses fabrication techniques that can be used to create omniphobic surfaces. Such 
surfaces would be able to repel liquids with low surface tensions much better than typical 
hydrophobic surfaces that have been designed with water repellency in mind. The primary focus 
in this paper is the creation of re-entrant geometries. Such geometries feature geometric 
asperities that have the effect of lowering the surface free energy at the liquid solid interface. ( 𝛾!")  
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These surfaces must be further examined for their ability to not only create an omniphobic 
interface, but also to sustain that state over time. The robustness parameters H* and T* are used 
to determine the level of robustness of a given geometry. From here, the surface chemistry and 
geometry of the sample can be altered to produce highly omniphobic surfaces that are capable of 
sustaining large apartment contact angles for a variety of liquids of varying surface tensions.    
 
Tuteja, Choib, McKinley, Cohen, and Rubner, "Design parameters for 
superhydrophobicity and superoleophobicity," Mrs Bulletin, vol. 33, pp. 752-758, Aug 2008. 
 
This paper presents the idea of re-entrant textures as a way to create oleophobic surfaces. These 
surfaces feature surface asperities that curve back in on themselves. This re-entrant structure is 
able to achieve oleophobicity and hydrophobicity even when the material that the structures are 
made from exhibit oleophilic and hydrophilic behavior on their own. The re-entrant structure 
creates conditions that favor composite liquid vapor interfaces where the liquid droplets rest on 
top of the asperities instead of fully wetting them.  
 
Advancing Contact Angles  
 
Narhe, Beysens, “Water Condensation on a Super-Hydrophobic Spike 
Surface”, Europhysics Letters, 75, 98-104, 2006.  
 
This paper demonstrated that dropwise condensation is possible on a micro textured super 
hydrophobic surface. It was observed that during condensation the droplets can either coalesce 
with one another inside the cavity area on the surface (leading to Wenzel state wetting), or they 
can coalesce with one another on top of the micro textures (leading to Cassie-Baxter wetting). 
The primary factors that determine which coalescence occurs are the mean drop radius, R, and 
the length scale of the surface pattern, λ. As R is increased the droplets tend toward the Wenzel 
state with contact angles lower than those of Cassie-baxter droplets.  
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